Abstract While pharmacovigilance systems have made substantial progress in the past several decades, all pharmacovigilance systems face a common set of ongoing challenges in drug safety surveillance in five principal interrelated areas: engaging the public, collaboration and partnerships, incorporating informatics, adopting a global approach, and assessing the impact of efforts. In broad terms, these challenges are not new. Rather, advances in science and technology, along with more demanding societal expectations, have changed the nature of these challenges and provided new opportunities to move the field forward. Differences in organization and levels of development, as well as regional differences, necessarily imply that a single approach is not suitable for all regions, though sharing of best practices can help each region.
Introduction
Pharmacovigilance is ''the science and activities relating to the detection, assessment, understanding and prevention of adverse effects or any other drug-related problem'' [1] . The field's remit is broad, though its origins are in drug safety surveillance to monitor the adverse effects of medicines [2] . Today, the scope of drug safety surveillance is expansive and is becoming increasingly complex because the safety of a medicine is related not only to its pharmacological properties but also to how it is used in actual practice and to the integrity of the product's quality throughout the supply chain [3] . While medication errors and product quality concerns have always been important aspects of drug safety surveillance, their integration into pharmacovigilance systems has increased in recent years.
The nature of pharmacovigilance systems varies around the world. In many countries, regional pharmacovigilance centres, many of which are based in hospitals or universities, collect and analyze adverse drug reaction reports and forward those reports to national centres of pharmacovigilance. By contrast, in the USA, practitioners and patients report adverse events to pharmaceutical manufacturers (who, in turn, have regulatory obligations to send certain reports to the US Food and Drug Administration [FDA] ) and, to a much lesser extent, directly to the US FDA. Some national centres are within a drug regulatory agency, while others collaborate with the drug regulatory agency. Pharmaceutical manufacturers generally have reporting requirements within these systems. In nascent and emerging pharmacovigilance systems, the relative roles of hospitals, universities, regulatory agencies and industry may differ from those in more developed systems. In countries with highly developed regulatory systems, the pharmaceutical industry plays a major role in pharmacovigilance.
Despite differences in organization and levels of development, all pharmacovigilance systems face common challenges in drug safety surveillance; to address these challenges, they must embrace new opportunities in five principal interrelated areas: engaging the public, collaboration and partnerships, incorporating informatics, adopting a global approach, and assessing the impact of efforts. In broad terms, these challenges are not new. Rather, advances in science and technology, along with more demanding societal expectations, have changed the nature of these challenges and the field's approach to them. Regional differences necessarily imply that a single approach is not suitable for all regions, though sharing of best practices can help each region.
Engaging the Public
Pharmacovigilance is, first and foremost, about and for patients and the practitioners who care for them. As drug safety surveillance systems move into the future, they must continue to listen to patients and practitioners and to provide them with useful and actionable information about the safety and safe use of medicines. The best ways to do this are not yet known.
Identifying previously unknown adverse effects of medicines remains a central concern of pharmacovigilance. For decades, the foundation of drug safety surveillance has been reporting of suspected adverse drug reactions from patients and practitioners. The logic behind these so-called spontaneous reports is that careful observation and clinical reasoning at the point of care raise suspicion of an adverse drug reaction. Review of well documented reports can provide sufficient evidence that a drug is indeed responsible for an adverse reaction; appropriate action, usually in the form of a warning on the drug's label, can be taken on this basis. Examples of adverse drug reactions identified by spontaneous reports include-to name a few-aplastic anaemia with felbamate [4] , liver toxicity with troglitazone [5] , rhabdomyolysis with cerivastatin [6] and, more recently, progressive multifocal leukoencephalopathy with natalizumab [7] and efalizumab [8] . Drug safety surveillance systems based on spontaneous reports remain essential components of modern drug regulatory systems; for example, in both France and the USA, a substantial proportion of safety-related regulatory actions are based on spontaneous reports [9, 10] .
While the total number of adverse event reports has increased steadily over the past several decades [11, 12] , reporting of adverse drug reactions and suspected adverse drug reactions has always been low [13] [14] [15] . For this reason, it is essential that pharmacovigilance systems continue to engage patients and practitioners to report suspected adverse drug reactions. While the value of reports from patients remains to be clarified [16] , patient-generated reports can complement those generated by healthcare professionals [17, 18] , by focusing on health status. Because patients may not fully appreciate the association of a medication with an adverse experience, may not feel obligated or may not be motivated to report the adverse event [19] , they should be encouraged to report new symptoms to their physician and prompt practitioners to report suspected adverse drug reactions. Further research in this area is needed.
Similarly, pharmacovigilance systems must continue to engage practitioners to submit high-quality reports of suspected adverse drug reactions. For pharmacovigilance systems that are already generating and transmitting large numbers of reports, current efforts must focus on report quality. In these systems, increasing the number of reports that provide little to no useful information will burden pharmacovigilance centres and divert resources from other important activities. On the other hand, for nascent and emerging pharmacovigilance systems, there is a clear need to increase the number of reports and, at the same time, monitor the quality and utility of these reports.
To support more involvement of health professionals in pharmacovigilance, their education would ideally include instruction on recognition of drug-induced disease and adverse drug reactions, on the need to be engaged with pharmacovigilance systems and on the characteristics of a high-quality, though concise, case report. Surveys from around the world document that while patient safety is being introduced into medical curricula, the amount of time given to the topic is likely insufficient [20] [21] [22] [23] [24] . Targeted interventions have also been used to improve reporting among practitioners. For example, a study in a tertiary-care teaching hospital in Spain found that a combination of educational efforts and financial incentives resulted in an increase in the number of reports of adverse drug reactions and in the proportion of reports of serious adverse drug reactions [25] . Importantly, there was an increase in the number of previously unknown or poorly known suspected adverse drug reactions after the introduction of these interventions. More evidence-based approaches to increasing practitioner engagement are needed. Beyond engaging practitioners individually, practitioners can be engaged collectively. For example, a partnership between a pharmacovigilance centre and a consortium of practitioners who care for patients with a certain rare disease can be developed to enhance adverse event reporting in this setting, which otherwise might be inadequately addressed [26] . Similarly, partnerships with consortia of practitioners who specialize in certain types of adverse drug reactions, such as drug-induced liver injury, can provide both detailed adverse event reports and interactions with clinical specialists [27] .
Pharmacovigilance systems must also provide patients and practitioners with useful, actionable information about medicines. As a start, it is important to understand stakeholders' needs. For example, a study of the drug information needs of Nigerian pharmacists [28] found that they sought information most frequently to learn about adverse drug reactions and to counsel patients. The study found that tertiary sources of drug information were used most commonly. The study authors noted that tertiary sources quickly become outdated, and they called for better access to current sources of drug information. The availability of current information, however, does not guarantee its utility or acceptance. Recent studies, for example, have demonstrated that information for patients is often not useful [29, 30] and that patients often do not have adequate understanding of patient-directed prescription drug information [31] [32] [33] . Similarly, studies have shown that practitioners may not adequately or appropriately act upon warnings from drug regulators [34] . Pharmacovigilance systems, and the regulatory agencies that work with them, must redouble their efforts to strengthen bidirectional communication with their most important stakeholders, patients and healthcare practitioners. Perhaps more than the technical and scientific aspects of the pharmacovigilance, the nature of these interactions will vary from country to country and will depend on local needs, the structure of the healthcare system and other factors.
Collaboration and Partnerships
Pharmacovigilance is a collaborative endeavour. Because of its broad scope, pharmacovigilance systems cannot function in isolation from other public health agencies. Rather, pharmacovigilance systems must form partnerships that provide complementary expertise and a capacity to accomplish comprehensive monitoring and investigations of the safety of medicines. Increasingly, pharmacovigilance systems are addressing issues related to product quality; substandard, spurious, falsely labelled, falsified and counterfeit medical products [35] ; and medication errors [36] . While pharmacovigilance systems historically have addressed these issues [37] , many pharmacovigilance systems are typically not equipped to identify all such problems, in part because adverse outcomes are not initially recognized as being related to medicines at the point of care. Rather, other public health systems may be called in to investigate a health-related problem and may subsequently identify it as being related to medicines. For example, it was discovered that clusters of hypotension and allergic-type symptoms in patients undergoing dialysis treatment in the USA were related to a particular manufacturer's brand of heparin only after a thorough outbreak investigation by state and local health authorities and the US Centers for Disease Control and Prevention [38] . The US FDA began working with these agencies, and the clinical syndrome was further characterized and a contaminant was identified [39] . Spontaneous adverse event reports were received only after publicity about the outbreak, and such stimulated reporting made interpretation of the reports difficult [40] . Similarly, fungal contamination of compounded methylprednisolone used for epidural injection led to an outbreak of fungal meningitis in the USA, which was identified and characterized by state and local health departments [41] . Each of these outbreaks required real-time, patient-level investigation at the point of care-an activity for which traditional pharmacovigilance units are not typically staffed. Thus, partnerships with public health agencies (including poison control centres) with specialized expertise are essential. Furthermore, in these situations, pharmacovigilance units must adapt to working in real time to meet the urgent public health needs of an outbreak.
Certain drug administration programmes, such as mass drug administration programmes for endemic illnesses [42, 43] or drug administration programmes during an epidemic [44] , also require collaboration between pharmacovigilance centres and other public health authorities to ensure that timely, adequate information on adverse events is collected in a way that does not impede access to necessary medication. Especially in resource-limited settings, pharmacovigilance activities are often not incorporated into drug administration programmes, such as those for malaria [45] and HIV infection [46] . Development of partnerships that bring together the necessary expertise will be a first step toward incorporation of drug safety surveillance into drug administration programmes; other barriers, such as funding, will also need to be overcome.
Partnerships and collaboration among pharmacovigilance centres are also important for sharing of information, development of best practices in pharmacovigilance and strengthening the science of pharmacovigilance. The World Health Organization (WHO) Programme for International Drug Monitoring and its collaborating centre, the Uppsala Monitoring Centre, provide a forum for these activities for the national centres of pharmacovigilance of the 117 member countries [47] . Through training efforts and the interactions among members, these efforts have been critical in building pharmacovigilance systems around the world. Further collaborative efforts, such as regional efforts, should build upon the framework that the WHO and the Uppsala Monitoring Centre have established.
Incorporation of Informatics
Pharmacovigilance relies on good information. Advances in the availability of data and analytic methods are changing the landscape of pharmacovigilance and can expand the field's scope and reach. For example, advances in informatics can be used to perform data mining in large spontaneous-reporting databases [48] , review large numbers of reports with advanced techniques such as natural language processing [49] , develop active surveillance systems, allow new sources of data to be used for identifying drug safety signals, and facilitate reporting of suspected adverse drug reactions.
As healthcare data systems have moved from paperbased medical records to electronic healthcare records, there has been growing interest in mining these data to identify drug safety signals [50] . Similarly, there has been interest in mining internet-based data [51] to identify side effects of medicines. The feasibility of generating individual case safety reports from electronic medical records has been demonstrated [52] , though the utility of automated individual case safety reports is limited if sufficient relevant clinical details are not included [53] . Discussions within an internet-based, disease-specific patient forum have generated information on suspected adverse drug reactions, including those associated with off-label use [54] . Researchers have used logs of internet search terms to identify patterns that may suggest a specific drug-drug interaction [55] . In each of these cases, the lack of clinical details and the inability to obtain needed details are important limitations. A critical challenge for pharmacovigilance is to develop and validate methods that maximize the utility of the large number of electronic data available from a variety of sources and minimize false positive findings (which carry the cost of evaluation of each signal and the potential to divert patients from an acceptable therapy). It will be essential to integrate informatic approaches with other sources of information and with clinical reasoning.
Two major limitations in currently available pharmacovigilance data are the minimal data on indications for use [56] , both in spontaneous reports and in large healthcare databases, and the minimal data on product identifiers, such as manufacturer details and lot numbers. A cross-sectional study of the traceability of biopharmaceuticals in both the US FDA's Adverse Event Reporting System (FAERS) and in the EudraVigilance database found that in each database, batch numbers are reported infrequently for biopharmaceuticals (24.0 and 21.1 %, respectively) and even less frequently for small-molecule medicines (7.4 and 3.6 %, respectively) [57] . The widespread use of generic medicines and the advent of biosimilar products underscore the need for proper product identification in pharmacovigilance. Uniform data on product identification would allow for better correlation of adverse event data with product quality data and would be an important advance in bridging the gap between pharmacovigilance systems and product quality systems.
Large, population-based healthcare databases have been used for decades to conduct observational epidemiological drug safety studies [58] . These studies have traditionally relied on careful protocol development, identification of an appropriate database and statistical programming customized on a study-by-study basis to match the protocol with the characteristics of the chosen database. This process is appropriate and necessary to yield high-quality results but is not flexible for rapid exploration, on a population-based level, of an emerging drug safety signal. Aggregated data from large, population-based databases using a common data model allow for rapid processing of prespecified queries, which can provide population-based rates of adverse drug reactions and thus provide important context around drug safety signals that arise from spontaneous reports whose significance is not clear [59] . For example, the Mini-Sentinel system [60] aggregates data by using a distributed database model (rather than a centralized database model) to estimate population-based rates of adverse drug reactions. The US FDA used this system to better understand the large number of spontaneous reports of haemorrhage it received after the introduction of dabigatran, a new oral anticoagulant. The number of reports far exceeded those for warfarin, though clinical trials had demonstrated that the bleeding rates with dabigatran were not higher than those for warfarin. Because of likely stimulated reporting of dabigatran cases, a comparison of reporting rates between dabigatran and warfarin would likely yield a biased estimate of the relative risk of bleeding between the two agents. Using population-based data, which presumably do not suffer from this type of reporting bias, the Mini-Sentinel system clarified that the incidence of gastrointestinal and intracerebral haemorrhage in patients treated with dabigatran was not higher than the corresponding incidence in warfarin-treated patients [61] .
There are many efforts to aggregate drug safety data for the purposes of signal detection and signal evaluation. For example, in addition to the Mini-Sentinel system, the EU-ADR database aggregates population-based data from various European countries [62] . Databases from general practices are used in the UK for drug safety research [63] . The Observational Medical Outcomes Partnership has focused on methodological aspects of using populationbased healthcare data to identify adverse drug reactions [64] . Spontaneous reports of suspected adverse drug reactions reported throughout Europe are aggregated in EudraVigilance [65] , while those reported around the world are aggregated in the WHO Global Individual Case Safety Report database, VigiBase TM [66] . While all of these efforts are focused on drug safety assessments, each uses a different approach. The advantages of multiple approaches in multiple databases will be realized only if researchers compare their results to identify factors-whether related to data or to methodology-that impact the performance of these systems. Such efforts are already underway [67, 68] . While the transmission of spontaneous reports to and between large databases is largely via standards set forth by the International Conference on Harmonization, there is currently no standardized common data model for large, population-based databases used for drug safety assessments.
Finally, technological advances can facilitate bidirectional communication between pharmacovigilance centres and patients and practitioners, especially in areas where no other infrastructure exists. For example, toll-free mobile phone calls were used to quantify exposure to anti-malarial drugs obtained from the private retail sector in Sagamu, Nigeria, and to monitor adverse effects associated with the use of these medicines [69] . Similarly, structured interviews using mobile phone technology were used to conduct a cohort study examining the safety of the H1N1 vaccine in children in Saudi Arabia [70] . Mobile technologies can also be used to disseminate health information, though more work is likely needed to optimize the use of this technology [71] .
Adopting a Global Approach
Pharmacovigilance is a global endeavour. With the increasing use and movement of medicines around the world, the importance of a global approach to drug safety is more important now than ever. While many hurdles must be overcome before this goal is reached, the primary challenge that must be addressed is development of the infrastructure and capacity for feasible and meaningful pharmacovigilance systems in the many low-and middleincome countries that do not yet have fully functional drug regulatory systems. A questionnaire-based survey of 55 low-and middle-income countries identified many gaps in infrastructure and resources for pharmacovigilance [72] . An analysis of reporting over a 10-year period to VigiBase TM found that high-income countries had higher rates of reporting than did low-income countries [73] . Importantly, though perhaps not surprisingly, this analysis also found a difference in the drugs for which reports were submitted, based on country income. High-income countries submitted more reports for antineoplastic and immunomodulatory drugs, while low-income countries submitted more reports for systemic anti-infective agentsan observation that underscores the need for national and regional pharmacovigilance systems to be designed with their relevant public health needs in mind. The case of reporting suspected adverse drug reactions for anti-malarial agents illustrates this need. An analysis of global reporting of suspected adverse drug reactions associated with the use of anti-malarial agents (including artemisinin-based combination therapy) to the WHO Programme for International Drug Monitoring found that only 1.2 % of reports came from low-income countries where malaria is endemic (Priority 1 countries) [74] . The authors noted that only 2 % of reports came from countries in sub-Saharan Africa-an area that accounts for 86 % of malaria cases and 91 % of malaria-related deaths. Priority 3 countries (high-income countries regardless of malaria control status and malariafree countries regardless of income) accounted for 84 % of reports. It is precisely mismatches and gaps of this type, whose potential negative public health consequences are substantial, that must be overcome. Funding, governance, goals, expectations, accountability, technical capacityand, where relevant, linkage to drug administration programmes-are some of the practical issues that must be worked out.
One component of a global approach is harmonization, the process of establishing common technical standards across countries and regions that have diverse legal and regulatory bases for drug regulation. Efforts of the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) began in 1990 and focused on interactions between pharmaceutical companies and drug regulatory authorities in three regions: the USA, Europe and Japan. As efforts at harmonization go beyond the three ICH regions and include countries whose drug regulatory and pharmacovigilance systems are at different stages of development, it will be important that harmonization processes take into account these differences. Furthermore, as laws are enacted around the world that set forth detailed pharmacovigilance requirements for pharmaceutical companies in individual countries, it may be difficult to achieve harmonization. For post-approval drug safety initiatives that require interaction of the manufacturer with the healthcare system, such as specific risk management initiatives, full harmonization may be impossible because of differences in healthcare delivery across countries.
Assessing Impact
Pharmacovigilance requires resources and is expected to protect and improve public health. While there have been substantial advances in pharmacovigilance activities around the world in the past decade, relatively little attention has been paid to the impact and burden of these efforts. As national, regional and international databases of suspected adverse drug reactions grow in size-and, in some cases, in scope-the demand for data analyses (both by humans and by computers) to quickly identify important adverse drugs reactions and to refute unsubstantiated signals grows proportionately. These efforts require people, time and money-resources that are not increasing in proportion to the explosion of the available data. The impact of these efforts toward improving human health has not been systematically examined. A recent paper attempted to quantify the cost-effectiveness of the Period Safety Update Report (PSUR) in Europe [75] . Using methods that have been previously used to assess medical interventions, the authors concluded that the incremental cost-effectiveness ratio of requiring PSURs, compared with not requiring PSURs, was €342,110 per quality-adjusted life-year gained-an amount they claim is above that used for reimbursement decisions in Europe. While this type of analysis needs replication and validation, this paper represents an important step in the difficult, yet necessary, task of quantifying the impact and cost of specific pharmacovigilance efforts. Further studies on the impact of a range of pharmacovigilance activities can help pharmacovigilance centres with effective programme planning and resource allocation.
Conclusion
To meet the multifaceted challenges of pharmacovigilance, a science-based, public-health focused, collaborative and global approach is needed. Evidence-based approaches to engage patients and practitioners in pharmacovigilance need to be developed and tested. Collaboration of pharmacovigilance centres with other public health agencies will allow pharmacovigilance systems to more fully assess the adverse effects of medicines, while collaboration between pharmacovigilance systems will allow sharing of best practices. The increasing availability of informatic systems holds much promise for pharmacovigilancethough, in some cases, a lack of relevant clinical or product details limits the utility of data systems. Global approaches should focus on strengthening pharmacovigilance systems in countries where such systems do not yet exist, and in promoting harmonization. Finally, as pharmacovigilance systems grow, it is important to assess their impact on improving health outcomes.
